Reanalysis of the density of liquid water in the range 0-150 °C and 0-1 kbar A review is made of measurements of the effect of temperature, pressure, isotopic composition, and dissolved atmospheric gases on the density of liquid water at temperatures to 100 <,~/C. The molar volume is expanded as a multiple power series in the variables, and the coefficientEi determined. A number of gaps become evident in our knowledge of properties that are within the capacity of current measurements. For example, there appears to be no measurement of the effect of oxygen isotopes on the compressibility. Data o~ the thermal expansion of D20 are strikingly inconsistent. The partial molar volumes of dissolved gases are only sketchily known. At O, __ 6)(~'~ equilibration with the oxygen, nitrogen, and argon of the atmosphere lowers the density about 3 p.p.m., while atmospheric carbon dioxide raises it about 0.3 p.p.m. Appendix I discusses the care needed to obtain various degrees of precision in practical density measurements, and the effect of isotopic uncertainties on them. Appendix II treats the representation of the equation of ' state of water at slightly higher pressures~
Introduction
The density of liquid water is. a function of externally imposed variables, such as temperature and pressure, and of compositional ones that include isotopic composition as well as dissolved substances. The latter category includes in principle all aqueous solutions, but only the dissolved atmospheric gases are considered here. In particular, the effects of salinity and related oceanographic parameters are not considered, although there is an extensive literature on that subject. Treatments of the effect of isotopic variations on the density of natural water have heen given by Menache [1] , 1 Girard and Menache [2] , and Millero and Emmet [3] , but tho present paper adopts a somewhat different notation and considers a wider range of conditions. b While the masses of the isotopes are known with higher precision, the variations of the isotopic ratio between different terrestial samples limit the precision. cFrom equations (2) , (3) and (4) .
For most purposes theyo!umic mass, or massic density,~ is the useful quantity, but as the volumes of isotopic mixtures are nearly ideal, expressions will first be derived in tenns of volumes, and only converted to densities later.
The molar volume V of liquid water may be expressed as a function of the following variables. (1)
where t is the temperature, p the pressure, and square brackets denote concentrations; the first group of concentrations gives the abundance of hydrogen isotopes in the water itself, the second that of the oxygen isotopes, while the last refers to dissolved substances. The evolution of work on density ha: Been in the direction of giving a more complete analysis of the composition. Equation (1) is purely formal, and this paper, after choosing a suitable way to express each variable, considers a systematic series expansion in terms of these variables; data from the literature then yield values for most coefficients, while a few important gaps become evident. Section 2 will treat the expression of isotopic composition and the evaluation of the molecular weight. Subsequent sections will then review the data on density as they bear on the evaluation of the various parameters in the expansion.
Molecular Weights and the Specification of Isotopic Composition

General Treatment
The molar volumes of the isotopic waters are approximately equal, but engineering and laboratory work is usu-liI As the French word densite has the meaning of speCific gravity and implies a relative measurement, some English authors use "absolute density" for volumic mass to avoid confusion. In this paper "massic density" is used with this meaning. In this we parallel the admittedly unhappy douhle use 'of molar as in molar volume and its reciprocal molar density. For the present paper the reciprocal of the massic density is the massie volume (Fr. 1Jolume massique). The word "specific" is reserved to refer to species such as HD160 or HCOS'. Throughout the paper P is the massic density and V is the molal' volume. ally done on a mass basis. More important for the present study, weighings can be made with high accuracy more easily than can determinations of isotope fractions. We thus work here on a mole basis, but in such a way as to minimize the effect of errors in the molar concentrations.
The isotopic masses, taken from "Atomic Weights of the Elements 1973" [4] , are included in table 1 which revises a table given earlier [5] . There are three isotopes of hydro.gen, two of them stable, namely 1 H or light hydrogen (or simply H if contrasted with D or T) and 2H or D, deuterium or heavy hydrogen, while 3H or T, tritium, is radioactive with a half-life of 12.33 yr. If the mole (or number) fraction of '2H is denoted by Xz, and that of 3H by X3, so that the fraction of IH is 1-X2 -X3, then the atomic weight of a sample of hydrogen is A(H) 1 .007825 + 1.006277x2 + 2.oo8224x3. (2) There are three stable isotopes of oxygen. (Radioactive isotopes 14 0. 15 0. 190 . and 20 0 have half-lives of seconds (2 min for 15 0) and no data are available on waters containing them.) If Y17 denotes the mole fraction of 170, and YIB that of 180, so that the fraction of 16 0 is 1 -Y17 -Y18, the atomic weight of a sample of oxygen is A(O) = 15.994915 + l.004218Y17 + 2.004245YI8. (3) Adding these two equations together, to correspond to the stoichiometry H20, gives the molecular weight of water Mw(H20)/g m01-1 = 18.010565 + 2.012554x2 + 4.016448x3 + l.004218Y17 + 2.004245Y18. (4) This. equation shows that the molecular weight is known to 6 decimal places, that is to ,-.J 1 in 2X 10 7 , provided the isotope fractions are known to 1 in 10 6 , except for solutions rich in 18 0 when the accuracy falls to 5 decimal places. This accuracy of measurement of isotopic composition is not easily reached, nor is the corresponding accuracy of density measurements.
In practice a somewhat different method is usually used to express the composition of waters not too different from natural water. Denote the concentration of the heavier hy. drogen and oxygen isotopes by the abundance ratios (5) (6) The isotopic ratios defined by ir can be determined directly when a mass spectrometer is used.
In the present paper we wish, however, to work in terms of molp. frar.tion~. As the mole fraction of 1H is (l +2r+ 3r ) -1, the mole fractions are given in terms of ir by (7) and similarly for the other isotopic species.
Craig [6] has introduced the concept of Standard Mean Ocean Water (SMOW) to provide a uniform standard for reporting D and 18 0 concentrations of natural waters. No sample of SMOW exists, although there are several close approximations; there is, accordingly,. no vat of SMOW from which samples can be taken for density studies. Rather, SMOW was first defined in terms of the U.S. National Bureau of Standards "reference sample 1" [7] . Small samples of a closely similar standard, intended as a calibration standard for mass spectrometry, are available from the International Atomic Energy Agency [8] . Compositions relative to SMOW are usually expressed in terms of the per millage enrichment 0%0 which is defined by
Parameter lr offers conveniences for the discussion of equilibria, for example the isotopic separation factor ia is
For thermodynamic purposes iO%o, ~ iO%o, or ia are inferior to ~Xj or ~Yk because they give a less complete specification of the composition. In the long run only x and y will be of interest, and the correlations here are reported in terms of them. Craig gives 2r = 1/6328, giving X2 = (158.±2.) X 10-6 for SMOW; for thermodynamic purposes X3 is zero in natural waters. For D in near-normal waters we then have from eq (7) XZ,sample = 158. X 10-6 + 0.9997 (2rsample -2rsMow), (10) or in terms of 0, with the same restriction to near-normal water, XZ,sample = 158. X 10-6 ( 1 + 2 0 %0 ).
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Similarly, for ia , with the same restriction,
These are the conversion relations used in this paper.
All three stable isotopes must be taken into account in specifying the isotopic composition of ordinary oxygen.
However, the definition of SMOW [6] did not mention 17 0, an isotope present in greater mole fraction than is D.
We here follow Girard and Menache [2] in adopting the value 18r = 1993.4X 10-6 as given by Craig [6] , and adopt their value 17r 372.X1O-6. There is then, paralleling eq (10) ,
Similarly, paralleling eq (11) there is obtained Y17,sample = 371.XI0-6(·1+ 17 0 %0), (14 1989. X 10-6 (I8a 1) .
The coefficients entering into eqs (10) to (15) are experimental and subject to future revision. More important, Coplen and Clayton [9] point out that the standard water from the International Atomic Energy Agency [8] , to which reference has already been made, differs slightly from SMOW as originally defined by Craig [6] .3 Determinations of D in light or heavy water vary greatly in accuracy. The error given by Hagemann et a1. of 0.05XI0-6 for Xz in SMOW is only attained in the best work. An error of per- 3 In commenting on the manuscript of this paper, Menach~ points out that it would be better to take the isotopic abundances of SMOW as given by Hagemann et al. [8] for hydrogen, and by Baertschi [951 for 180.; the latter paper was not available when the present paper was written. These give for SMOW 10 6 %2 = 155. 74 haps 2 X 10-6 in X2 appears more usual, but even this corresponds to an error in the massic density of less than I p.p.m. The situation is similar for the oxygen isotopes. The uncertainty in the abundance of 18 0 in SMOW produces an error in the density of less than 1 p.p.m. The uncertainty with respect to 17 0 may be larger, and the measurements are not adequate to estimate its error. The abundances of the isotopes in SMOW, and the corresponding atomic weights, are included in table I; these values were used in determining the numerical coefficients of eqs (10) to (15) . The effect of isotopic errors on the density is similar to their effect on the molecular weight as given by eq (4) ; numerical values will be given in section 3.9. The effect of isotopic variations on practical density measurements is discussed in Appendix I.
Because of the fractionation on evaporation, seawater is richp.r than frp.shwater in the heavier isotopes, both deuterium and the heavy oxygens. Atmospheric oxygen is also richer in 18 0 than either water, its composition being related to that of water by equilibria with CO2, so that water prepared by burning hydrogen in air has this slightly heavier oxygen composition and an increase in density of about 7 p.p.m.
In the treatment here, attention has been focused on the isotopic composition of the· solution as a whole, and the fraction of molecules of the species H2 16 0, H 2 18 0, HD 16 0, etc., has not been used to describe the solution. To be sure, the specific abundances in SMOW are easily calculated by assuming random formation of the molecules; for each million molecules there are 997325 of H2 16 0, 1988 of H2 18 0, 371 of H2 17 0, 315 of HD 16 0, 0.6 of HD 18 0, 0.1 of HD 17 0, 0.02 of D 2 16 0, 5XIO--5 of D 2 18 0, and 9XI0-6 of D2 17 0.
When it is remembered that approximately 0.1 molecules per million have dissociated to give· H 3 0 + and OH-, it is clear that the least abundant species make a negligible contribution to the solution properties. The first reason for not pursuing a more detailed description is that such is not necessary, for the volume properties are described simply and adequately in terms of the overall composition. The second reason is that in a condensed phase the molecules are not isolated. In the low-pressure gas, in contrast, the fraction of time that a molecule spends in collision is small compared to the time it spends alone. and. at least in principle, H2 16 0, HD 16 0, etc., are seen distinctly in optical and mass spectra. But in the liquid the vibrations of each molecule are strongly coupled to the motions of its neighbors, so the species are not seen separately.
On the other hand, each water with monoisotopic hydro-· gen and oxygen can be prepared pure, so there must be terms for each in the equations representing the properties. This question will be returned to in connection with the equation for the molar volume and in section 3.7 on nonideality.
If SMOW is to be accepted as a reference composition . for density measurements, it is desirable that the same material be used as the isotopic standard for tabulating the vapor pressure and for defining the tripl~ point as "it is used in thermometry. The triple point of water is the fundamental point for the IPTS-68 and the water used for its realization is now required to have "substantially the isotopic composition of ocean water" [10] . This is given as about 2r = 0.00016, 17r = 0.0004, and 18r = 0.002, values that are less precise than those used here for SMOW but not in conflict with them. The triple point temperature is relatively insensitive to the isotopic composition.
As the discussion of 170 has made clear, even in the better work of today the concentration of 17 0 is not usually determined, but rather ir is found for D and 180 for the sample and for a standard; that is, i8 is determined for the two components. Older or less pretentious work specifies less of the isotopic composition, possibly giving the concentration of D and asserting that the oxygen abundances are normal, while before the discovery of 17 0 and 18 0 in 1929, and of deuterium in 1932, water was regarded as an invariant l5ub:5tance. To covel the range of liuu::: ClI1l1 pn:::t;ll:)iUIl fuuno in papers still cited it is, accordingly, necessary to consider a series of approximations ranging from those specifying morp. to tho~p. ~J1p.cHyine 1p.~~ of the lsotopic composition.
Approximations for the Concentration of 17 0
The relative abundances of D and 18 0 characterize a sample of water sufficiently fOT most geochemical or environmental studies. However, the concentration of 17 0 is required for a specification of composition, such as is required for a specification of the density, and as this concentration is seldom measured, some approximation is needed to provide an estimated value of 17 0 for use in calculations. To a fairly good approximation the properties of 17 0 are the .geometric (or what is nearly equivalent, the arithmetic) mean of those of 16 0 and 18 0. That is, in any process which changes the relative abundances the fractional change of Y17 will be the mean of those of Y16 and Y18, or (16) or, expressing Y16 as 1-Y17-YI8, we obtain for any nearnormal water .
X (Y18,sample -Y18,SMOW) , = 371.XI0-u + 0.0931 (Y18,sample-Y18,SMOW). (17) In the approximation, good for near-normal waters, that YI6 is the same in the sample as in SMOW, eq (17) can be expressed in terms of r as =372. X 10-6+0.0931 (18rsample-18rSMOW). (18) Expressing this last equation in terms of 8 gives 17 8 = 0.4989 18 
Those who use 8 as their parameter to describe isotopic composition usually start with the last equation as a selfevident relation.
Meteoric Water
Variations of hydrogen and oxygen isotopes are highly correlated in environmental water, as they are in laboratory purifications. Craig [11] has shown that for many rivers, lakes, rain, and snow the relation is approximately (20) while deviations from this curve have been discussed by Payne [12] . In this equation the coefficient 8 represents the nearest. integer rather than a carefully fitted value, and
Menache [1] says that the value can be as low as 5 in exceptional cases. The constant term would be zero for a line passing through the composition of SMOW. On substituting in eq (20) from eqs (II) and (14) there is obtained, for the natural waters described by equation (20),
with coefficients close to those given by Craig [6] .
Liquid-Vapor Equilibrium
Many processes must be involved in producing the isotopic variations in natural water given by the correlation of eq (20) . An attempt to model the central processes involved may "be made under laboratory conditions either in systems containing air [13, 14] , which has a bearing on atmospheric" PI0Ct;;::s::ses, 01" uu ::systems coutaiuillg ouly the" water isotope:!; at their vapor pressure. Equilibrium studies are often reported in terms of vapor pressures or vapor-pressure ratios, closely related to, but not identical with a, and in many papers such equilibria are reported in terms of species such as HDO. A critical review of the literature has recently been given by J ancso and Van Hook [15J, so we cite here only papers sufficient for our" purposes without justifying the choices by a more complete bibliography.
The equilibrium fractionation of deuterium has been given by Majoube [16] . The isotopic separation factor 2a (the present a is the reciprocal of the one used in that paper) changes with temperature and in the interval o ~ t ~ 100°C can be represented by
In 2a -52.612Xl()-3 + 76.248 24.844 X lOS, (22) " T2 which gives 2 a as 0.899 at 0 °C, 0.922 at 20°C, and 0.974 at 100°C, in adequate agreement with the values given by Merlivat, Botter, and Nief [17] . The recent data by Stewart and Friedman [18] lie between those two sets. Equation (12) then shows these values to correspond to enrichments in the equilibrium vapor of -10 6 .6.x2 16 at 0 °C, 12 at 20°C, and 4 at 100°C. These figures show that, as far as hydrogen is concerned, there is appreciably less fractionation in a distillation made at 100 °C than in one made at lower temperatures. At 0 °C the deuterium concentration in the equilibrium vapor is reduced to 90% of its value in the liquid. However, if the equilibrium vapor were completely condensed, then its density, as far as the contribution from deuterium is concerned, would be only decreased by 1 p.p.m. lf the vapor in equilibrium with the liquid is removed during the course of a distillation at 20°C, when half the liquid has been evaporated the deuterium concentration in the liquid has risen 10p.p.m., and the density 1 p.p.m. When the amount of liquid is halved again the deuterium concentration rises a further 10 ,p.p.m. The final 1 % has a concentration of 221 p.p.m. of D, compared to 158p.p:m. in the starting material, and the density has increased about 6 p.p.m. This is significantly less than the difference in density of ,20 p.p.m. between the first and last fractions of distilled tap water as reported by Christiansen, Crabtree, and Laby [19] .
For equilibria involving the oxygen isotopes we will follow Borowitz [20] and Majoube [16] . The latter gives the temperature dependence of 18a for 0 t < 100°C as which gives 18-a as 0.988 at 0 °C, 0.990 at 20 °C, and 0.995 at 100°C. Using eq (15) these correspond to -106aY18 = 24 at 0 °C, 20 at 20°C, and 10 at 100°C.
Borowitz found the ratio (l7~ -1)/(18a -1) to be about 0.52, rather than 0.499 as would be given by eq (18) .
Using this ratio, the separation factor for 17 0 is 17a = 1 + 0.52(18£l! 1), (21) which gives values of 0.9938 at 0 °C, 0.9948 at 20°C, and 0.9974 at 100°C. Using eq (15) these correspond to -10 6 .dY17 = 2~3 at 0 °C, 1.9 at 20°C, and 1.0 at 100°C.
In the approximation that the molar volume of each species is the same, an increase of 1 p.p.m. in either D or as that of 180, less than I p.p.m. in an equilibrium distillation from SMOW.
The ratio Ax2i AY18 for an equilibrium vaporization is a function of temperature, with values falling from 0.7 at o °C to 0.4 at 100°C. The coefficient 0.64 given in eq (21) for meteoric waters corresponds to the lower temperature part of the range. If density changes are measured on distillation and a factor such as 0.6 assumed to relate changes in D to 180, then the composition 'change of both hydrogen and oxygen can be approximated. There have been many papers on the determination of deuterium concentrations from density or other measurements [21] , but it is clear from the analysis just given that density measurements alone are insufficient, and some second measurement giving knowledge of the oxygen isotopes is needed if either density or a full compositional description is to be obtained. We conclude that no relation along the lines of eq (20) isgenerally valid for laboratory waters prepared by distillation.
Molar Volume of Water
Equations for Molar Volume and Density
The reference density to which all others will be related is that of SMOW at its maximum density at a pressure of one atmosphere,
as provisionally recommended by Girard and Menache [22] .
Taking the molecular weight from table I, the molar volume corresponding to this density is 18.01569 cm 3 mol-I. The series expansion corresponding to eq (1) will, however, be made about 0 DC, rather than about the temperature of maximum density, and about atmospheric pressure, 1 atm = l.01325 bar = 101325 Pa. Analogous to the use of T for the absolute temperature and t for the Celsius one with a shifted zero, P is used for pressure and p for the shifted pressurp. p =.p 1 atm.
The molar volume V w is a multiple power series in p, t, and the mole fractions of the isotopic components.
v w = (Aoo + A lOt + AOlP + Autp + ... )
Except in the terms Q, Xl and Yl6 do not appear explicitly in this equation, just as they do not appear in eq (4). This omission recognizes both that ordinary water is nearly H2 16 0 and that the values of that component are most precisely known. (For extensive application of the equation to heavy water it would be most convenient to rearrange the equation, and eq (4) as well, so that the hydrogen isotopes are expressed as Xl, (1-Xl -X3), and X3.) While eq (27) can represent non-ideal behavior if a sufficient number of cross terms in the mole fractions are included, the leading terms describe ideal behavior. If water is an ideal solution of pure components iHiO of molar volume Vij at the temperature and pressure under consideration, the molar volume is Considering for the moment only two hydrogen isotopes, H and D,and two oxygen ones, 160 and 180, in order to limit the number of terms written in the following equation, writing (1-X2) for Xl and (1-.-YI8) for YI6, and rearranging gives (29) Comparison with eq (27) shows that the coefficients A give the temperature and pressure dependence of V H2I6o, the B
The massic density pw of a sample of pure water is then obtained by dividing the molecular weight, as given by eq (4), by the molar volume, given by eq (27),
In a previous paper [23] the density of the isotopic waters was represented by the rational polynomial p (31) This form provides a smoother representation of the data than does a power series, but has the disadvantage that it is not clear how to generalize it to incorporate variations of isotopic composition. It should be noted, however, that the work of Steckel and Szapiro [24] implies that up to a temperature of about 70 o.C the density is adequately given by
where pmax, the maximum density, might be approximated as a linear function of X2, Y17, and Y18, F depends only on X2, and 'T = t -tm is the temperature above the maximum density tm, where tm might also be approximated by a linear function of X2, Y17, and Y18. Equation (27) fails to express the high correlation that exists between the volumes and compressibilities of waters of different compositions, e.g. it does not recognize that all species show rather similar density maxima and compressibility minima, but it has been preferred here because an equation such as (32) presupposes the nature of the relation between the densities of the various isotopic forms, which is what we wish to elucidate.
Density of Ordinary Water or SMOW
The density of ordinary water or SMOW as a function of temperature at atmospheric pressure has recently been reviewed by Aleksandrovand Trakhtengerts [2S], who represented the density as a polynomial in the temperature, and by Kell [26] , who represented the data by eq (31) as had been done for waters of various isotopic compositions in an earlier paper [23] . The coefficients of eq (31) as given in this most recent version, with the maximum density adjusted to that of SMOW are given in table 2.
All functions discussed here, whether of the form of eq (27) or (31), have been obtained by least squares; the problem of fitting volumes and densities in an equivalent way using least squares is discussed elsewhere [27] . The calculations i:Q the present paper have used the algorithm outlined there. This means that, although it is volumes that appear in eq (27) , it m~y be considered that the input data, which were mostly densities, have been fitted as densities and the results reported ~s volumes. TABLE 2. Coefficients and properties of functions representing the density of liquid water. The coefficients are for the rational function given by equation (31) . The D 2 0 represented here has the same composition of the oxygen isotopes as SMOW. My 1967 paper [23] tried to find an equation that was both accurate in following the experimental data and efficient in the sense that alternating signs did not necessitate carrying many figures in the calculation because of losses on subtraction. That quest for eJIiciency has not been pur-:sued in Lhi:; pHper, alLhuut:$h we l1uLe hel'e that the following function for the density of SMOW, with nine parameters and only positive signs, is equivalent to eq (31) to within experimental nncertainty_ P<SMOW)/kg ~-3 = (999.8427 + 67.8782XI0-3t +
The molar volume of SMOW as a function of temp.erature at 1 atm is represented by the nine-parameter power series VSMow/cm 3 
This has more parameters than eq (31), and gives a less smooth fit; differences between it a~d eq (31) are, however, less than experimental uncertainties.
For reference purposes, IUPAC Commission 1.4 recommends [28] , for the range 0 < tJoC < 40, a particular table of the density of SMOW based on the analysis by Bigg [29] , This table gives densities greater than eq (31) by 2 p.p.m. at 40°C; the differences are less at lower temperatures. Such differences are comparable to those we accept in writing a power series representation such as eq (27) in place of (31) . The IUPAC recommendation is being adopted as a standard, particularly for oceanography, by a number of organizations. Because of the narrowness of the temperature range considered by Bigg, as well as the slight disagreement with the values at higher temperatures, it seems better for thermoflynamlc pll~pose!'; to ignom the ITJPAC recommendation and to permit each author to make his own evaluation of the experimental data. A preliminary report is available of new experimental work between the maximum density and 40°C [30] . At 4() °C these results will be about S p.p.m. lower than eq (31) , and hence outside the range given by the differences between the measurements of Chappuis [31] and Thiesen et al. [32] , which have often heen implicitly considered to give the range within which the correct value lies. 4 The standard errors of PSMOW have been discussed previously [26] . At 100°C these, errors included a scatter of r-'S p~p.m:, and other errors were estimated as r-' 10 p.p.m. Adding variances gives a total estimated error of 12 p.p.m. Errors should be approximately equal to the square of the temperat~re interval from maximum density, that is approximately equal to the square of the Celsius temperature, but they are not because most data were obtained either be-,low 40°C or above that temperature, and there are uncertainties about how the two regions join. Hence, it is better to consider the error of PSMOW as rising linearly from. the temperature of maximum density, where its value is defined to he zero, to 12 p.p.m. at 100°C. The compressibility of ordinary water at 1 atm has been reviewed recently [26] , and the results of that analysis will be followed here. Recent work by Kroebel and Mahrt [33] indicates that the isothermal compressibility KT = (() In plap) T, found most accurately for liquid water from the speed of sound, has systematic errors between different data sets of r-'2 Gbar-l. This error is negligibly small for present purposes, as the compressibility is known for only a few isotopic compositions. The data of reference 26 were expressed as molar compressibilities (aV wi ap) T, and this quantity represented by the power se~ies (aVsMowl()P) Tlcm 3 mol-l Mbar-l = -916.843 + 6.971 95 t -166.126 9 X 10-3 f + 2.499971 X 10-sp -
{35)
The errors of the compressibility, also discussed previously [26] , are predominantly quadratic in the tempera-. ture and amount to r-'8 Gbar-1 at 100°C. Two factors not discussed previously are the effect of the uncertainty of isotopic composition on the compressibility and the effect of uncertainties of the absolute temperature scale. Can differences between the measurements be ascribed to differences in isotopic composition? Equation (35) was based on the data of Del Grosso [34, 35] . The compressibilities from those data are about 3 Gbar-l lower (corresponding to velocities 0.04 m s-1 higher) than those of Barlow and Yazgan [36] and McSkimin [37] , both using doubly distilled water, and those of Carnvale et al. [38] , using distilled water not otherwise specified. The water used by Kroebel was distilled water, not otherwise specified, but considered suitable as a baseline for the study of sea water. We may only conclude that the water samples used by these workers may differ in isotopic composition by amounts similar to those found in density studies. As shown in section 2.4, if the oxygen isotopes remain normal, the mole fracliuu uf Jeutel-· ium increases 10-5 for every p.p.m. increase in density. Mathieson and Conway [39] have shown that the velocity of sound increases almost linearly with mole fraction in H20-D 2 0 mixtures, by approximately 100 m S-l over the whole composition range. That is, an increase of 1.5 p.p.m. in density produces an increase of 1 p.p.m. in the velocity of sound; if measured velocity. is used, and the change of density has not been allowed for, there is a decrease of 0.5 Gbar-1 in the compressibility obtained. Accordingly, while the differences between the data sets cannot be definitely ascribed to isotopic uncertainty, they are within the range of such variations. To reflect this, the error estimate for the compressibility above should be increased about 1 Gbar-t, independent of temperature.
The isothermal molar compressibility is_ obtained from the speed of sound by the following relation where M is the molecular weight, p the massic density, u the yelocity of sound, a the thermal expansivity (-a In pi aT) p, and Cp the massic heat capacity at constant pressure Errors in realizing the absolute temperature scale would have their largest effect on the a 2 of this equation. 5 Evidence has been offered by Guildner and Edsinger [40] that the 1968 thermodynamic scale may be 0.03 K too high at 100°C. Approximately, the relation is
where 0 is Guildner's gas-thermometer scale, and T and t are, as everywhere in this paper, the absolute and Celsius temperatures on the IPTS-68. Hence dT / dO = l.0003, and a in equation (36) is not changed enough to affect the error estimates for the compressibility.
Heavy Water
Exi::;Liug cunelatiom; of the denl5ity of DzO arc unsatisfactory in two respects. First, most of them give undue weight to early measurements made on limited samples. Seccmdly, mll~h of the work is weakened by inadequate control of the abundances of the oxygen isotopes. It is now possible to give a much more authoritative treatment of the oxygen isotopes, and something can be said about the pure forms D2 17 0 and D2 18 0, and by subtraction about D2 16 0.
For purposes of a correlating equation, D20 will be taken to be 100% D 2 0, with the oxygen isotopes in the same abundance as SMOW, i.e. with a molecular weight of 20.027 478. The choice of this concentration of oxygen isotopes has been made so that the difference between the representations for SMOW and heavy water will depend only on the hydrogen isotopes. Heavy water commonly is about 99.8% D, 0.2% H, and has no close control on the oxygen isotopes. We might expect that the greatest source of error in the data sets where the oxygen isotopes were not measured lies in inadequate normalization of the oxygen composition. If this is correct, the various data sets should be approximately parallel.
The method used here to compare the data follows that of reference 26. An approximate equation (that of reference 23 t:xpn::::l:il:it:u UIl the IPTS-68) wal5 taken, and the deviations of the various sets of reliable data from this are plotted in figure 1 . This shows the data sets to be far from parallel. In 1967 I concluded that the baseline of the figure was probably accurate to 1 in 10 5 at the lower temperatures and to 5 in lOS at 100°C [23] . The differing thermal expansions in recent measurements show that claim to be overly optimistic. However, the situation has improved in that there are now two measurements where the concentrations of oxygen isotopes were measured. Hence the molecular weight, and thus the molar volume, to be ascribed to D20 is known within narrower limits than befo~e.
The most fully described d'etermination of the density of (18)), and r18 0.002055. By calculations similar to those here they obtained a density of 1104.750 kg m-<:l for D21BO at that temperature. This value is the mean of measurements on two samples differing by 0.003 kg m-3. For D20, with oxygen isotopes as in SMOW, this corresponds to 1104.991 kg 1ll~"1. Even after a value has been chosen for the maximum density of SMOW, differences of a few parts per million exist in estimates of the density at at 22.3' ° C because of the use of different tables of thermal expansion. Ceccaldi et al. took their thermal expansion from Chappuis [31] , employing the value 997.7086 kg m-3 for SMOW at that temperature. Equation (34) of the present paper gives 997.7052 kg m-3. As we are concerned with a self·consistent surface, we replace the 1104.991 calculated above by 1104.987 kg m-3. This means that if eq (34) should be replaced by another polynomial the other terms in eq (27) relating to other compositions would be little changed. The value obtained by Ceccaldi et al. cannot be considered in conflict with the baseline of figure 1 as a previous correction by Isberg and Lundberg [42] to the density of D 20 to correct for a previous error in the normalization of the oxygen isotopes had raised the density by 0.09 kg m-3.
In a pair of briefer papers, Brulmans et a1. [43, 44] have reported a density of 1104.481±0.003 kg m-3 at 25.000 °C on the IPTS-48 (Brulmans, private communication) for D20 (100% D) with an oxygen composition of Y17 = 0.000375 (calculated) and r18 0.002039, again slightly different from the oxygen composition of SMOW. Densities were also given at eight other temperatures from 8 to 26°C; these two papers together have been treated as a single body of data. The authors' calibration was made on tllf~ assumption that ordinary water has a maximum density of 999.973 kg m-3 at 1 atm, and has a temp'erature dependence' following the equation given by Tilton and Taylor [45] ; they do not report the precautions taken to control the isotopic composition of their light water. The thermal expansion of Tilton and Taylor is close to that of eq (34) . Adjusting for light water to have the' density of SMOW, and adjusting to the oxygen isotope concentration standard adopted here, either by the method used by Ceccaldi et a1. or by the different algorithm given by Babeliowsky and Brulmans [43] , gives a density at 25°C (lPTS-48) of figure) . The deviations are perhaps no larger than the experimental errors (the error of the data defining the baseline is larger than that of Brulmans) • but. as it seems wiser to take the temperature dependence from data sets covering a wider temperature range, these values have largely been ignored. The determination of the absolute density is not to be ignored, and has been given about half the weight of the value of Ceccaldi; the new curve was started at 0.023 kg m-3 above the baseline between 20 and 25°C.
The mole fraction of deuterium in the heavy water used by Millero, Dexter, and. Hoff [46] was determined from the density anrl so has no authority for the dp.n~1ty_ Np.vp.rthp.less, the measurements were made in a device calibrated against light water, so the measurements should have information on the thermal expansivity of heavy water. The figure, however, shows the scatter in the values to be .-.'1 in lOS, except for the point at 70°C which is in error by 17 in lOS, well off the figure in the upward direction. Between 20 and 30 °C the thermal expansion data of Brulmans et a!. [44] and Shatenshtein et a1. [47] suggest that the density might be faIling relative to the baseline with increasing temperature, while Millero's data show a rising trend in this range. In this situation, there is no reason to change the slope from that of -the baseline, which here follows Steckel and Szapiro [24] . For display in figure I, the published values of Millero et a1. [46] were adjusted to 100% D20 (accepting the authors' concentrations), to the density standard for SMOW adopted here, and for the differences in the density of light water between references [23] and [26] ; i.e. at higher temperatures the densities have been increased by a few parts per million. All these adjustments are small compared to the apparent uncertainty.
The treatment of the other data in figure 1 has been straightforward. Chang and Tung [48] , Schrader and Wirtz [49] , Grossmann-Doerth [50] , and Rivkin [51] · all have experimental errors of several times 0.01 kg m-3, and all report the ratios of light and heavy water. As this ratio varies only slowly with temperature and pressure, the densities for light water accepted here have been used with those ratios to obtain the points shown in figure 1 . Had the values of Chang and Tung and Schrader and Wirtz been raised the 0.09 kg m-3 suggested by Isberg and Lundberg they would be in agreement with the baseline to about their precision. The values of Grossmann-Uoerth and Rivkin were based on measurements at saturation. They agree with each other, but disagree with the others by an amount much greater than the uncertainties in adjustment to atmospheric pressure.
The apparent error of the four values of Shatenshtein et at [1.7] is a little less than that of the data discussed in the preceding paragraph, and the trend of the data is in adequate agreement with the thermal expansion of the baseline of the figure. A free· hand curve was drawn starting 0.023 kg m-3 above the baseline of figure 1 between 20 and 25°C, and continued parallel to the trend of the best data sets to higher and lower temperatures. As already discussed, the data of Steckel and Szapiro [24] have been given greatest weight. By starting the analysis by sketching a free-hand curve, rather than by doing a least-squares fit of separate data sets taken together, the jump at 80°C of reference [23] is avoided. In the present case, above 80 °C the curve parallels Cheng and Tung n1.o~t clo~ely. Deviations of the re15ulting curve from the baseline were read at 5 degree intervals, and that curve fitted by least.squares. Two fits are reported, the first expressing the density as a rational function, eq (31); this is shown as the dashed line in figure 1 and its coefficients are included in table 2. The second fit expresses the molar volume as a polynomial of the sixth degree. Particularly for the rational,; function; the number of coefficients seems large for the range covered and the precision. This means that the data has been overfitted, and suggests that an attempt is being made to represent inconsistent data; it is not clear what data should be weighted less. The molar volume of D20 with oxygen isotopes as in SMOW was found to be .
VD2o/cm3 mol-1 = 18.128901-4.0016956 X lQ-3t
Precise knowledge of the compressibility of heavy water is due to Millero [52, 53, 54] . Here we follow Fine and MilIero [54] whose results are based on speed-of-sound measurements and are hence comparable to those for light water. In the case of heavy water it should be noted that the specific heat data are of lower quality than is the case for olJimuy wate!·, ::;0 llw i::soLlltanml (;uUlpn~:s::sibiHtie:s woulJ be of inferior quality at· the higher temperatures even if the velocity data were of equal value. Fine and Millero gave a quadratic polynomial for the reciprocal of the compressibility of 99.82% D20 that was based on the velocity data of Wilson [55] . Values of this compressibility were calculated at 5 degree intervals, adjusted to 100% D20, and multiplied. by the molar volumes found above. A quadratic does not represent the data adequately, so a polynomial of the seventh degree was used to match eq (35) . 
It is not simple to express the data of Steckel and Szapiro [24] in the form used here as they have reported their reference densities at 30°C (IPTS-48) = 29.9906°C (lPTt;-68), but have expressed functional representations in terms of the maximum densities of the various com· . positions. Further, their density for deuterium water is 1 in 1()4 lowel· than that accepted here. Accepting the present values for waters rich in H2 16 0 and D2 16 0, and their values for ones rich in H2 18 0 andD2 18 0 at 30°C, the values can be expressed in molar terms in the form of eq (27) as follows V w/cm 3 mol-1 18.09394 + 0.05915x2 0.OI3Y17 -0.026 77Y18 + 0.010x2Y17 + 0.01963x2Y18, (40) where those authors have been followed (for the moment) in assuming that the molar volumes of H2 17 0 and D2 17 0 are the means of the forms with 160 and 180.
Steckel and Szapiro measured the thermal expansion of a sample of H 2 18 0 with hydrogen in natural abundance (which we take as being that of SMOW, i.e. X2 = 0.000158), Y17 = 0.0038, and YI8 = 0.9753. Equation (40) gives the molar volume of this as 18.06779 cm 3 mol-I. The temperature dependence of the molar volume is then represented by VU218o/cm3 mol-I = 17.994066 -1.209 1347 X 10-3t
where the argument is on the IPTS-68.
A similar analysis may be given of Steckel and Szapiro's thermal expansion measurements for D 2 18 0, measurements made on a sample with X2 = 1, Y17 = 0.0034, and YI8 = 0_Q7QR F.'luation (40) gives the molar volume of this at . 30°C as 18.14610. The temperature dependence of the molar volume is then represented by VD2I8o/cm3 mol-1 = 18.124193 -4.2098883 X 10-3t
ing up to 86% H2 17 0 were extrapolated by them to give the density of the pure component from 15 to 35°C. The results are scattered, but show that the molar volume is 0.042 ± 0.003 cm 3 mol-I higher than the mean of H 2 16 0 and H2 18 0. This is included in eq (45) , and the coefficients for the other forms were recalculated for self-consistency. This means that although the molar volume of H 2 18 0 is less than that of H2 I6 0, the molar volume of H2 17 0 is greater. Despite this evidence that the properties of H2 17 0 H.Ie Hut Lhe meH.n of Lhose of H2 16 0 . and H2 1S O, the higher terms included in eq (45) are such a mean, as jn the absence of adequate information this is the best assumption that can be made.
There are no measurements of the density of D2 17 0.
Its molar volume appears in eq (45) as 0.04 cm 3 mol-1 greater than the mean of D2 16 0 and D 2 18 0, and in this case there is, of course, uncertainty about even the leading term.
Based on Goldblatt's values [59] adjusted to pure T20, the molar volume at atmospheric pressure is VT2o/cm3 mol-1 = 18.16150 -4.39208X10-3t (43) + 21.334153 X 10-9 t 4 -83.406 814X 10-12 t 5 , Two runs differed by 0.006 cm 3 mol-I, so the error of eq (43) is estimated as 0.01 cm 3 mol-I.
The four equations, (34), (38) , (41) , and (42), each associated with a well-defined isotopic composition, plus the assumption that the molar volume of water with 170 is the mean of the volumes with 160 and 18 0, which is adequate for the treatment of solutions where 17 0 is dilute, permits the calculation of the temperature dependence of the volume of the four components H 2 16 0, H 2 18 0, D2 16 0, andD2 I8 0, yielding the terms for those four components that appear in eq (45), below, as well as an approximation to the volumes of H2 I7 0 and D 2 17 0.
Other measurements of the density of H 2 18 0 have been made by Ku and Chang [56] . whose results agree with those of Steckel and Szapiro to experimental error. Additional data on D2 I8 0 from 15 to 35°C were given by Kudish and Wolf [57] . Their values average 0.00045 cm 3 mol-1 lower than those of Steckel and Szapiro, and are quite smooth relative to the curve based on the latter data. They certainly should be given some weight, so the con-:;tant term in the equation uriginally La8ed un data of Steckel and Szapiro has been lowered 0.00020 cm 3 mol-1 (I in 10 5 in the massic density) ~ Measurements by Kudish et al. [58] on waters contain-
Non-Ideality
We may distinguish two forms of non-ideality. The first, which has excited no comment, is implicit in eq (29) . According to that equation the changes of volume produced by changing the isotopic composition of the hydrogen and those produced by changing the composition of the oxygen are not additive. Indeed, eq (40) shows the magnitude of the non-additivity to be comparable to that of ·the isotopic effects themselves. To the extent that eq (29) describes liquid water, the molar volume varies linearly if the.hydrogen isotope composition is changed without variation of oxygen composition, or alternatively if the oxygen composition is changed holding the hydrogen composition constant. The dependence is not linear if both vary, as when H2 16 0 and D 2 I8 0,or H 2 180 and D 2 16 0, are mixed.
Non-ideality usually refers to a second effect, that of the molar volume being non-linear in the fractions of the hydrogen isotopes at constant oxygen composition. Longsworth [60] Tf~porh~(1 dp.plHtures from ideality of lightheavy water solutions to be about 2 X 10--4 cm 3 mol -1, while Swift [61] found them to have the opposite sign, but in both cases they are not significantly different from zero. Bottom a ley and Scott [62] have now reported that the excess volumes are close to symmetrical in the composition, with a maxja mum value of + l.B±0.4XI0--4 cm s mol-1 at 25 oC, while at 4 DC it is-1.2XI0-4 cm 3 mol-I. As there is no informa-
tion about the second derivative, it seems premature to speculate about how these values tie in with the patterns of -0.498 4752XI0-6e3 + 0.295791 X10-9 t 4 maxima and minima in the properties of water. The sam~ uncertainty about the pattern means that no corresponding
term can be written for H20-T20 mixtures; in any event, such a term is not needed at present since it would be + 0.029 615 Y17 smaller than the errors in the density of T 20.
A straight line through these two values predicts large -0.024 770 YIB values of this non-ideality at higher temperatures. We have chosen to believe that the effect must be smaller than experi-+ [0.0096245 X 10-3 t -10.997 72 X 10-6t 2 mental error at the higher temperatures in our range, and have represented it by a quadratic equation, passing through + 0.551 9056 X 10-6t 3 -13.630 708XIQ-9 e4
the two values of Bottomley and Scott, and becoming zero at 125 DC. The quadratic term so obtained is the only one in + 183.642 96X lQ-12t5 -1.322 8188X 10-12 & the present paper that is justified only by weak arguments.
The Q term of eq (2'1) then becomes
with a maximum near 70°C. 
In this equation t is the Celsius temperature on the IPTS-68, and p is the gage pressure in bars as defined by eq (26) . The temperature range for the various isotopic components has been indicated in connection with the equations from which this has been derived, and the pressure term should not be used for a range exceeding 10 bar. The problems of representing the pressure dependence over a wider range are discussed in appendix II.
Equation (45) has been written to reproduce the starting equations when the appropriate isotope fractions are used, and to this end many more figures have been carried than are justified by the precision of most of the data. The uncertainties have been discussed fot each of the components. Gathering this information together, the uncertainty of eq (45) is approximately (46) where the error of eq (25), possibly 8 X 10-5 cm 3 mol-l, has not been included.
While it would be possible to take eq. ( 45) and use it to refine some of the data on mixtures in order to obtain a better equation, this has not been done as the results would only make small changes that are negligible compared to the uncertaintie5.
Discussion
Equation (45) brings together all that is kn~wn about the molar volume of waters near atmospheric pressure. The surprising fact that has emerged is how poorly the thermal expansion of D20 is known. As the molar volume at one temperature has been found with high precision by Ceccaldi et al. [41] , the urgent need in connection with that composition is for thermal expansion measurements over a wide enough range that the higher derivatives with respect to temperature can be evaluated with confidence. Measurements with much smaner uncertainties than the spread of figure 1 are well within present capabilities.
. The data on 17 0 and most of those on 18 0 were obtained in a single laboratory, the Isotope Department of the Weizmann Institute of Science. This means that were data available from other laboratories the scatter would probbl;lbly be larger. On the other hand it seems reasonable to accept that in the one laboratory the relations between the different waters have been found to about the precision claimed.
The measurements most urgently needed appear to be: 6 (i) the thermal expansion of D200ver a wide temperature range; (ii) both the molar volume and the thermal expan~ sion of a solution near Xl = 0.5, X2 = 0.5, y16 = 0.5, and YI8 = 0.5, and its thermal expansion over a temperature range at least to 100°C; (iii) the effect of the oxygen isotopes on the isothermal compressibility.
As eq (45) shows, a power series is not fully satisfactory 6 Commission 1.4 (Physicochemical Measurements and Standards) of the International Union of Pure and Applied Chemistry has issued a "Re~ommendation for the redetermination of the absolute density of water," calling for a redetermination of the absolute (i_e_ massic) density, thermal expansion, and dissolved gases, at temperatures up to 40 DC_ On the completion of this program knowledge of the density of ordinary water will greatly exceed that of other isotopic waters. As already remarked, the most s'e~ious unresolved problem in connection with ordinary water is how the density data below 40. DC join with those above that temperature_ for representing volumes as a function of temperature, and the same weakness holds as a function of pressure. In the case of pressure, the volume decreases monotonically with increasing pressure, and a large number of isothermal compression equations have been proposed for various condensed phases. The application of several to water is considered in appendix II.
The temperature dependence is more difficult, as a power series has alternating signs and is poorly convergent, but it is difficult to think o( anything better. The stable range of the isobaric curve ends at the boiling pojnt, so it would be better from that view to make a correlation along the saturation curve where a wider temperature range is possible . . Clearly, we would like a form of equation that deals adequately with the maximum densities and their pressure dependence. but it is not clear how to combine this with the requirement of mixtures made at constant temperature and pressure being nearly ideal, and eq (32) does not adequately provide for the latter feature. Menache [1] derived, and Millero and Emmet [3] confirmed, a relation between the change of density and 28 and 18 8. The simplest approximation to the dependence of pw on the concentrations of the isotopes is obtained by writing
where Mw is given by eq (4) and 18.0 approximates the molar volume. The dependence is found by taking derivatives of this with respect to X2, Y17, and YI8 (neglecting tritium), which gives dpw/g cm-3 = 0.1118 dX2 + 0.0558 dYI7 + 0.1113 dY18.
. (48) If the more complete expression, pw = Mw/V w, is used, where V w is given by eq (45) , the coefficients are a function of temperature and composition. For the composition of SMOW at 4 °e there is obtained dpw/g cm-3 0.1061 dX2 + 0.0541 dY17 + 0.1126 dY18. (49) The reference to Y17 can be eliminated by eq (17) . With this, eq (49) expressed in terms of 8, obtained from eqs . (11) and (14), is dpw/g cm-3 = 1.68X 10-8 d28%o + 2.34X 10-7 d 18 8%o. (50) Starting from eq (47), Menache obtained the coefficients 1.8 and 2.3. This expression has been shown to apply to the variations of natural waters, so in that sense it is useful. However, once again it is to be emphasized that the concentration of 17 0 has been assumed rather than measured, and that it is inadequate for any precise purpose to assume that the density of water is specified by a number of parameters too small to specify it. It is, in addition, possible to use eq (21) to eliminate one of X2 and rIB, in which case there is obtained for natural waters at 4 °C dpwl g cm-8 = 0.1850 drIB = 0.2912 dX2 = 3.68 X 10-7 d I8 8%o = 4.61 x 10-7 d 2 8%o,
as given by Menache [1] . These relations apply to natural waters from different sources, and are based on the coefficient 0.6355 of eq (21) . However, on the basis of the numbers given in section 2.4, for laboratory conditions, which are better defined, the coefficient might be 0.7 at 0 °C, 0.6 at 20°C, and 0.3 at 100°C, which would produce substantial changes in the coefficients of eq (51).
Effect of Dissolved Atmospheric Gases on Density
Henry's-Law Relations for Dilute Gases in Water
It has long been known that saturation of ordinary water with air decreases the density, by perhaps a few parts per million, but the precise amount has been uncertain. Lauder [63] watched the buoyancy of a float change as gas dissolved and showed that the density decreases on the dissolution of nitrogen, increases with oxygen; saturation with air decreases the density by 4.7 p.p.m. at 0 °C, while carbon. dioxide increases the density. The analysis below does not support his finding that the effects of oxygen and nitrogen are not additive for water in equilibrium with the' atmosphere.
By direct measurement Marek [64] found the decrease of density on saturation with air to go through a maximum of 3.4 p.p.m. at 7°C, while at 20°C the decrease was 0.4 p.p.m. All other evidence shows his finding of a diminished effect below 7 ° C to be in error. In a careful experiment, Chappuis [65] found that between 5 and 8°C, a temperature range where measurements should be particularly reliable as variations of temperature have only a small effect on the density of water itself, saturation of water with air decreased the density by 3.0 p.p.m. Millero and Emmet r31 measured a lowering of 3.0±0.2 p.p.m. on saturation at 4°C. Frivold [66] found a decrease of 1.9 p.p.m. at 15.6 °C. At 20°C, Emeleus et al. [67] found a decrease of 2 p~p.m.,but Richards and Harris [68] one of less than 0.2 p.p.m. These numbers have often been discussed, and combined in various ways. Bowman and Schoonover [69] chose a decrease of 2 p.p.m. at 0 °C and 1 p.p.m. at 20 °e. Brown and Lane [28] , in their recent assessment, favor a decrease in density of 3 p.p.m. between 5 and 8 °C but of less than 1 p.p.m. above 20°C. It is clearly a difficult metrological problem to improve on these numbers by direct measurement. An indirect method promises to be more illuminating.
If the presence of water vapor may be neglected for the moment, the earth's atmosphere has a compostion of about 0.78 mole fraction N2, 0.21 O2,0.01 Ar, and 0.0004 CO2, as well as traces of the other inert gases. The concentration of CO 2 varies by at least a factor of two from place to place, and is higher in cities than in the countryside. For nitrogen, oxygen, and argon, the assumption that at atmospheric pressure the atmosphere may be treated as an ideal mixture of ideal gases, and the aqueous solution as an ideal solution, is sufficiently accurate for calculating the density· of the aqueous solution to 0.1 p.p.m., although other factors will be found to limit the precision to 1 p.p.m. Under these assumptions, if the total pressure of all the gases present except water is P g then the partial pressures of the atmospheric gases are (52)
The partial pressure of water P w is much more variable.
It is usually determined from the saturation temperalure ur relative humidity, and often has a value about 17 mbar in the laboratory .. When liquid water is present the partial pressure of water near the liquid will be close to thesaturation pressure of water at that temperature, and gradients of P w may exist. The total pressure P, the quantity that is determined with a barometer, is closely enough, (53) so that a determination of P and P w permits the calculation of the partial pressures of the individual gases.
The evaluation of the effect of these dissolved gases on the density of liquid water will be made in two steps. The first is to obtain the Henry's law coefficient relating the concentration of the gas in solution to the partial pressure in the atmosphere above it. The second is to relate the volume of the solution to the concentration of gas in it. The system to be treated is that of a gas phase saturated with water in equilibrium with a liquid water solution saturated with the gases.
Henry's law relates the partial pressure of a gas, e.g. PN2, to its mole fraction, e.g. XN2, in the solution. (54) where the Henry law coefficient HN2~1 is written as a reciprocal to preserve the usual convention.
The presence of dissolved gases in the water gives a Raoult law lowering of the vapor pressure (55) where Pwo is the vapor pressure of pure water at the temperature in question. As the term in parenthesis in eq. (55) is nearly unity at the concentrations considered, an iterative treatment of eqs (53) , (54) , and (55) converges quickly~ Solubility measurements are often reported as Bunsen coefficients which give the volume of gas/volume of solvent, or in terms of weight ratios. Furthermore, it is not always clear whether eqs (53) and (55) were applied in the reduction of the data. By working in mole fractions in the present paper we arrive at a treatment that we will hope does not vary much with change of isotopic composition of the water . For conversions of solubility data and for a review of the older data we follow Battino and Clever [70] .
The molar volume of a dilute solution in water is approximately (56) where Xw is the mole fraction of water, corresponding to the term in parenthesis in eq (55) . As we are concerned only with the case where the dissolved gases are dilute, the partial molar volume of water V w is just the molar volume of pure water given by eqs (34) or (45) . The mole fraction Xi corresponds to that in eq (54) , and the partial molar volume Vi of the dissolved component is the value for infinite dilution and is not considered to vary over the concentration range treated. These assumptions are reflected in the simple notation adopted. Millero and Emmet [3] measured the apparent molar volume as a function of concentration, but most of the work reviewed has large errors so that such refinements are not helpful.
The partial molar volume of solutes is an important quantity in the description of solutions, but the precision with which values are known is less than that for solubility. However, the precision is still more than adequate for calculating changes in the density of water to 0.001 kg m-3.
Two approaches to the determination of partial volumes have been used: In the first the density or volume of a solution is determined as a function of composition; this corresponds to the methods used with soluti"ons of involatile solutes. The other makes use of the change of equilibrium constant with pressure as given by Krichevsky and Kasarnovsky [71] to give an extended version of eq (54) where /i is the fugacity rather than the partial pressure, to indicate that non-ideality in the vapor phase has been taken into account, Hi the Henry law constant for low pressures defined by eq (54), R the gas constant, and T the absolute temperature.
The density of an aqueous solution is given by the quotient p = M/V, (58) (cf. eq (30) for pure water), where V is given by eq (56) and M is the mean molecular weight (59) However, even without knowing the concentration of dissolved gas, we see that dissolution of the gas will increase/ decrease the density as MdVi is greater/less than Mw/V w.
The results of calculations are most conveniently reported as the fractional change from the density of pure water. In the approximation that the amount of gas is small, there is obtained from eqs (56) and (59) L pw IXNi (I pw V JMt), pw Mw (60) which is used in the calculations reported here.
Oxygen
Battino and Clever [70] recommend a Bunsen coefficient, for which the units are volume of gas at STP per volume of solvent at SP, for oxygen in water at 25°C of O.02?47, hased on II values obtained before 1965. Later work has been described by Murray and Riley [72] and a survey with an algebraic representation given by Weiss [73] . The latter paper tabulates the Bunsen coefficients for oxygen, nitrogen, and argon at I K intervals from 0 to 6°C, and at 2 Kintervals to 40°C. The value for oxygen at 25 °C is 0.02844. The errors for that gas appear nowhere as much as 1%, so the data are adequate for present purposes. Bunsen coeffiCients a from that paper have been converted to Henry law coefficients hy the relation given by Battino 
where V w is the molar volume of ordinary water. Molar volumes were obtained from eq (34) and the mol~cular weight from eq (4) . The values of H ohtained for oxygen, nitrogen. and argon are given in table 3.   TABLE 3 . Henry law coefficients for O 2 , N 2 , and Ar in pure water. The Bunsen coefficients a./ atm -1 are from Weiss [73] , and conver· sion is by equation (61 
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The partial volumes of oxygen, nitrogen, and argon are surprisingly poorly known considering their importance in the thermodynamics of solutions. The available data for the three gases are shown in figure 2 . The only gas for 
The change of density of SMOW produced by equilibration with an atmosphere at a total pressure of 1.013 bar, and with oxygen comprising 0.21 mole fraction of the gases other than water, is shown in figure 3 . The calculation was made by eq (60), and Xi was obtained from eq (54) using table 3. At temperatures below 50°C the vapor pressure of water is small; at temperatures approaching 100°C the contribution from atmospheric gases falls because the atmosphere is largely water vapor and the concentration of other gases is small. For oxygen, MIV is near the density of water, and at 50°C, if the partial volume were at the upper limit of the error given, on dissolution oxygep would lower the density, while if it were at the lower limit the d~nsity would increase. In any event the. density change is small, and even with one atmosphere of oxygen at 0 °C the density would only increase 2-3 p.p.m .
Nitrogen
The solubility of nitrogen has been reviewed by Battino and Clever [70] . There are fewer data sets than for oxygen, but the agreement is adequate for the present calculation .. Later work by Murray, Riley, and Wilson [74] , and Weiss [73] , whose table is the basis of table 3, is in agreement.
The partial molar volumes are shown in figure 2 . Only for nitrogen are there enough data to form an idea of their 
where the error is approximate as the data do not warrant any precise statistical treatment. The same error was deemed appropriate for oxygen as well. The calculated effect on the density is shown in figure 3.
Argon
Once again the solubility has been taken from Weiss [73] , and the values used in the calculations are given in table 3. The only value of the partial molar volume is from Enns et al. [76] who obtained the value of 32.2 cm 3 mol-1 shown in figure 2. Because the ratio MAr/V Ar is 25% .greater than MwJV w, this gas increases the density of water by an amount great enough to show in figure 3, even at the low . concentration present in air. Figure 3 also shows the combined effect on the density of normal water saturated with nitrogen, oxygen, and argon,present in the proportions given by eq (52) at a total pressure (water vapor plus the three gases) of 1 atm. As the partial volumes of the three gases have been determined by similar methods, the errors are expected to be in the same direction in the three cases; this gives the error band shown for the sum of the effects of the three gases. A larger partial volume gives a lesser (more negative) increase in density. We see on comparing figures 2 and 3 that Lauder's values for the density of air and oxygen are about right, but that his value for nitrogen is in error. There is, accordingly, no evidence that the effects are nonadditive.
Discussion on O 2 , N 2 , and Ar
. No data are available on the solubility of these gases in waters of other isotopic compositions. However, as the present description of the aqueous solution has been in terms of molar quantities, the same solubility and partial volumes may be used to estimate the change of density produced by the dissolution of these three gases in waters of other isotopic compositions. For example, D2 18 0 has a molecular weight of 22 and a density of 1.22 g cm-3. A calculation using eq (60) then shows equilibration with the nitrogen in the atmosphere to lower the density by 5.4 p.p.m. Oxygen lowers it 1.5 p.p.m., rather than the small positive effect in ordinary water, and argon has a nearzero effect. The sum gives a total lowering of the density of7p.p.m.
Nitrogen and argon have no atom in common with water, so there is no exchange effect. While oxygen is present in water the rate of exchange with gaseous oxygen is suffi. ciently small that it is possible to make measurements on a sample of water that is not in isotopic equilibrium with the oxygen in the atmosphere over it.
Carbon Dioxide
Although it was the solubility of carbon dioxide that led Henry to the law bearing his name, ·viz. eq. [54] , the law does not in fact describe the behavior of dilute solutions of carbon dioxide well because of the equilibria
This reaction produces a rapid interchange of oxygen between CO2 and H20, and indeed is used for the normalization of the composition of the oxygen isotopes. In normalization the composition of oxygen in the two components becomes substtntially the same, but not exactly, as fractionation causes an enrichment of 18 0 in CO 2 rela~ive to the water with which it is in contact [78] . Atmospheric carbon dioxide interchanges with atmospheric oxygen by photosynthesis and combustion. The net result is that atmospheric oxygen is richer in 18 0 than is sea water, which in turn is richer than fresh water, facts already alluded to in section 2.1.
The equilibrium constant for the first ionization of eq (64) is conventionally defin~d, as (65) and that for the second ionization as where the' square brackets should denote activities for systems at finite concentrations, but as we are concerned with dissolved substances at high dilution the activity coefficients may be taken as unity and the square brackets then denote the concentrations of the species indicated. The total or stoichiometric mole fraction of carbon dioxide in solution is
The preceding sections on oxygen, nitrogen, and argon gave a complete specification of the algebra and an adequate summary of the data, and the results calculated there are reliable. On the other hand, for carbon dioxide, and ammonia to be treated in the next section, the algebra is more complicated, the experimental data are inconsistent and ambiguous, and data on the second ionization of carbon dioxide are scanty. In view of the difficulties, particularly of the molar volumes, we treat only the effect on the density at 0 °C. Effects will be less at higher temperatures. To preserve the algebra used for the preceding gases, concen-. trations are expressed as mole fractions, though these are not the usual units for expressing equilibria in solution.
Edwards, Newman, and Prausnitz [79] give the Henry law relation between the partial pressure of CO2 and the mole fraction of the dissolved species C02 as 676 bar at o °e. For a partial pressure of 0.0004 bar, this gives the mole fraction of species CO 2 in solution as 5.9 X 10-7 , The same authors give the first dissociation constant as 4.7XI0-9 (mole fractions). The ionization of a weak acid in dilute solution is a standard problem [80] . Denoting the ionization product of water as K w , (68) the hydrogen ion concentration in a carb~:m dioxide solution is given by which may be solved iteratively. Ai 0 °C Kw has the value 3.65 X 10-19 , and K2 for carbon dioxide is about 3. X 10-11 • These values yield a mole fraction of H+ of 5.3 X 10-8 , and hence by eqs (65) concentrations of species HC0 3 -of 5.2 X 1 0-8~ effectively equal to that of H +, and of COa = of 3. X 10-11 , a negligible &mount. Only if the partial pressure of carbon dioxide were three orders of magnitude smaller would Kw and K2 make significant contributions to eq (69) , but in that case the dissolved carbon dioxide would make a negligible contribution to the density of the solution.
There is considerable uncertainty about the partial molar volume of carbon dioxide. At 0 °C Lauder [63] found a value of 44 cm 3 mol----: 1 at low pressures, and 28 cm 3 mol-I at 7 mbar, Kritchevsky and Iliinskaya [75] found 32 cm 3 mol-I, while Enns et al. [76] found 34.8 cm 3 mol-I at 25°C. Parkinson and de Nevers [81] found 37.6 cm 3 mol-I, which Gibbs and Van Ness [82] reanalyzed to obtain 38 cm 3 mol-1 at 0 °C. If 38 cm 3 mol-1 is taken as a tentative value for 0 °C,then eq (60) gives an increase in density of 0.20 p.p.m. for the species CO2• The' only other species abundant enough to affect the ~e~sity is HC03-. Millero [83] gives the partial molar volume of that ion at 25°C as 23.4 cm 3 mol-I. Equation (60) shows that this species increases the density by 0.06 p.p.m. The two species together increase it by 0.26 p.p.m.
The solubility of CO2 in D20 was measured by Curry and Hazelton [84] as 0.9, on a molar basis, of that of H20. The same authors [85] found the ratio of the first ionization constants K1.HlK1.D to be 2.7 at 25 cC. Thus theargument given in section 4.1,that by working in molar quantities the results will give approximate answers on isotopic substitution is of limited value for carbon dioxide solutions.
Ammonia
Ammonia is not an important component of the normal atmosphere. It is mentioned here solely because it is a contaminant of sloppily distilled water. Further, as the sloppy technique that permits the presence of ammonia is likely to permit the presence of carbon dioxide as well, a more complicated ~ystem of equilibria prevails than that described· in the preceding section. In particular, the ionization equilibrium of water, eq (68), permits a considerable conccntration of NH4+ with HC0 3 -or CO s =. There is a rapid interchange of hydrogen between ammonia and water, so the hydrogen isotopes in the ammonia and water become substantially the same.
F or pure ammonia solutIons, Edwards et al. [79] give a Henry coefficient of 0.26 bar at 0 cc. Ammonia solutions are significantly less dense than pure water. The analysis of Efremova and Sokolova [86] shows that the partial volume of the species NHs must be near 37 cm s mol-1 at 0 DC. The case where both ammonia and carbon dioxide are present has been studied extensively at higher temperatures in connection with the water-carbon dioxide-ammonia-urea system. At the lower temperatures of interest here, equilibria and the abundances of the species can be evaluated by the algorithm of Edwards et al. Millero [83] gives the partial volume of NH4 + as 17.9 cm 3 mol-1 at 25 °C, which combines with the 23.4 cm s mol-1 for HCOs-c" to give pwVJMi, the quantity in eq (60), as 0.52, leading to an increase in density of the solution. If NH4 + and C0 3 = are the dominant species, as COs-has a conventional partial molar volume of ....:.-4.3 cm s mol-1 , the ratio pwVi/M i is 0.33, again producing an increase in density. description of water itself and as a standard for calibration or for measurements on other materials. The main paper has treated water itself, and devoted considerable attention to uncertainties in our knowledge. This appendix treats errors arising in the use of water as a calibrating substance, and particularly errors arising from the choice of a density table. In such calibrations the maximum precision is not always sought.
Increased awareness of the importance of isotopic composition means that a worker wishing to calibrate a volume by finding the weight of ordinary water contained can no longer uncritically accept that his water has an isotopic composition matching that appropriate for the table of densities he is using. If he is calibrating a pycnometer, the isotopic variations of the fluids to be measured in it must be taken into account as well in arriving at the uncertainties of the final result.
In the past, handbooks have given density tables for (ordinary) water at atmospheric pressure without comment about their limits of validity, and indeed, the present author has produced one such table [87] . It is now clear that such handbooks must henceforth be used more critically if den-siLies are Lo be measured more precisely than corresponds to the normal range of variation of atomic weights from isotope fractionation. Most density tables give one or two figures beyond that point, and these extra figures are usually considered to have physical meaning, rather than existing solely to aid interpolation. Girard and Menache [88] have compared tables for atmospheric pressure up to 40 cC. In another paper [2] they gave an approach only feasible for precise work; there appear to be no modern guidelines for work of lower precision.
Precision in Density Measurements
If pn is used to denote a precision (and, we hope, accuracy) of 1 in lon, then the care needed for work of various precisions is approximately as follows:
p3: This precision i~ adequatp. fOT many p.nglnp.p.Tlng apo plications. At this precision ordinary water is water, isotopic composition can be ignored, and temperature, pressure, and purity need not be controlled too closely. p4: Again at this precision the isotopic composition of ordinary water need not be considered, and all modern tables of the density of water at atmospheric pressure are equivalent.
p5: For this precision the density of laboratory water should be checked at one temperature and pressure against a known standard, and the density table at all temperatures and pressures multiplied by a factor cp. defined as psample/ ptable. Most tables of the 4ensity of 'water are equivalent at this precision. If the water is being used as a calibration material for density determinations, the uncertainty of the isotopic composition of the materhil to be measured is important also. p6: To attain this, one of the methods of water purification that is strict in its control of isotopic composition must be adopted, and the water so purified must be shown to be controlled on an hourly, daily, and ::;easonal basis. The adoption of the 1968 International Practical Temperature Scale changes tables by up to 5 p.p.m. Even the best tables ma y differ by several units in the sixth place; the uncertainty of the experimental work on which they are based is somewhat larger. The table used must be specified in reporting the results. It is quite possible that future work will produce changes of 1 or 2 in the sixth place at temperatures between 0 and 40°C, while larger changes are almost certain above 40 °C. Pressures must be measured to 20 mbar.
p7: This range is only within the competence of metrological laboratories that have specialized in this direction, and at present work only deals with water between 0 and 40°C and at atmospheric pressure. The isotopic composition of each water sample must be measured, and particular attention must be paid to thermometry. Any density table given now has only an interim value. As the values adopted will need future correction, experimental details must be given clearly.
Isotopic Contributions to Density Errors
In calibrating a volume by using water as a standard substance, the usual isotopic error comes from the use of a density table that relates to a different isotopic composition from the water used, and, as indicated in the previuus section, such an error would become significant only at the p5 level. If a calibration of the highest precision were attempted, and isotopic abundances were measured, then errors would arise only from uncertainties in eq ( 45 ) or whatever source of densities was used. Work of such a level represents the present limit of calibrations based on water.
1£ the volume calibrated is a pycnometer to be used in determining the density of other substances, then the isotopic variation of the latter is important too. In particular, because of isotopic 'variations, the atomic weight of carbon [4] is given only to 1/12000 so, for example, without measurement of the isotopic composition the molecular weight of methanol, to taktJ a definite exanJ.ple, i:5 given at be5t to 1/30000, although density measurements on this compound are often reported to 1 in 10 5 • There are relatively few substances which can be purified sufficiently to justify so much precision. Indeed, the separation procedures commonly used in purification also produce isotopic fractionation. Accordingly, if different laboratories purify the same material by different methods they may arrive at different mas sic volumes even if the molar volumes are equal.
Formerly, when atomic weights were poorly known, there was value in making massic volume measurements more accurately than molar volumes could be "given. Today, for the many elements whose atomic weights are known to the precision set by isotopic variation, it is necessary to measure the isotopic composition if increased precison is wanted.
A third case was referred to in section 3~2 in the discussion of eq (35) and the velocity of sound. The adia hatlp.
compressibility Ks is given by where Ks, p, and u (the velocity of sound) are functions of isotopic composition as well as of temperature and pressure. As u can be measured to a few parts per million, an important error of Ks is the choice of an inappropriate table for the determination of p.
The composition of most samples of water used for cali. bration purposes in the past, or indeed at present, is not known. For precisions of p6 or less it need not be known provided the density is tied to a well defined standard, which at present is SMOW. If we consider two samples of water of approximately natural composition, then the ratio of densities cp will vary much less with changes of temperature and pressure than will density itself. Th~s same approximation was made earlier in a treatment of the thermal expansion of water at atmospheric pressure [26] . What we wish here is a series of density measurements leading back to SMOW. That is, we writ,e P<sample) = cPP<SMOW), where, when cp has been found for one temperature and . pressure it will be assumed to hold for other temperatures and pressures. The measurement of differences of a few p.p.m. or less in density of water samples has long been possible. While large samples of SMOW are not available, there shuuld be no difficulty in each laboratory obtaining a reference sample whose density relative to SMOW is known with s",:!fficient precision.
As rp is unlikely to differ from unity by more than 10 or 20 p.p.m., eq (I-I) is unlikely to produce errors at the p6 level, but it must be realized that experimental data to permit a firm statement are lacking. The quantity cp, recommended here only as a way to deal with small variations in density, is not a parameter to allow for the effect of small variations of isotopic composition on other thermodynamic or transport properties.
Appendix II
EquCltion of State of Water Under Pressure
Conflicting ideals involving accuracy, simplicity, elegance, and generality must be reconciled in the construction of an equation of state. Accordingly, as one or other of these factors is given greater weight, different equations will be arrived at. The question considered in this appendix is how the equation of state of wat~r can be represented beyond the very limited pressure range for which eq (45) applies. As the data available relate only to ordinary and heavy water, the results are suggestive only and do not provide a firm basis for the description of the isotopic waters.
The data" that may be considered reliable to 1 kbar and 100°C are those of Fine and Millero [89] and Kell and Whalley [90] for ordinary water, ancl Fine and Millero f541 for heavy water. It is not clear whether the treatment that is to show the least dependence on isotopic composition should follow eq (45) and treat iJV/fJp, whether iJp/iJp is better behaved, or whether it is best to treat the isothermal compressibility K = (0 In plOp) T = -(0 In VI Op) T.
(II-I)
As the latter quantity is the one usually reported, the analysis has been based on putting a surface exactly through the density po at atmospheric pressure and exactly through the compressibility Ko at that pressure, seeking a relation that holds over a useful range of pressure. We seek an equation that will permit the calculations of· densities at the p6 level.
The one~atmosphere values on which the analysis is based are: for po(SMOW), eq (31) with coefficients from We dismiss without serious consideration polynomial representations. It is true that the volume of a fluid may he represented by a power series in the pressure
(11·2)
and that such a polynomial with a suitable number of terms is good for representing data over a narrow range. If, however, the coefficients are to he obtained by least squares from data covering a great range, uncertainties in the individual coefficients become large, and an unphysical waviness may appear in the derivatives. Such equations also extrapolate poorly.
A restricted form of the polynomial equation is, however; useful for the evaluation of densities near atmospheric pressure. Using the gage pressure p as defined by eq (26), the density is then approxhnately p = po (l + KOp) , (11.3) which produces an error of less than 1 p.p.m. at pressures less than 10 bar, and the same range applies to eq (45).
As we know Ko we will write K Kof(p), where f( 0)
L The value of po will then appear as a constant of integration when eq (11-1) is integrated to give volumes or densities. A simple equation of state can be derived by assuming that f = 1. This gives V = Vo exp(-Kop), an equation used by Guggenheim [91] . This equation cor· rectly describes the volume as falling off at high pressure. If, however, the reciprocal is taken we see that the equation corresponds to the density rising exponentially with pres· sure. This is much too fast, and comes from the assumed constancy of f. Accordingly, the useful range of this equation is limited. Rather, f should fall toward zero with increasing pressure. A general way to treat the· data is to combine equations (11-1) and , and then to integrate to give In(p/po)/«o = f~dP = F(p). o A suitable representation of F (p) may then be sought, subject to the restriction that its derivative is unity at p = O.
However, the difficulty with such an approach is that there seems to be no systematic way to seek suitable functions to represent F.
Understandably then, the procedure actually followed has been more exploratory. It consisted, first, in guessing that K might fall away according to
where A is a positive coefficient whose value is to be found; X = 0 corresponds to eq . Combining this with eq (11-1) gives p po exp{KopJ(l + Ap)}.
(118)
This equation has an algebraic advantage over the two other equations to be discussed that the parameter A only occurs once, so that the values may be· found directly rather than by an iterative method. ·,Jts value is a slowly varying function of temperature and pressure, with a minimum value near 30 0 C, with the parameter increasing with pressure at lower temperatures, and decreasing at higher temperatures. For both ordinary and heavy water the value is near 130 Mbar-1 • Assuming that po and Ko are. correct, the error of equation ' arising from an error in A increases with pres· sure. If the value A was used, and the value A + 8 is correct, then the leading term for the fractional error is or, as Ko ~ 50 Mbar-1 , the pressure to give an error of I in 10 6 is p/har 1 y258 '
(II·IO) and 8 may be as large as 25 Mbar-1 at pressures less than 1 Khar.
In a search for a better equation, a second guess was that K might faU a~cording to .
KO K = ---I + JLP , (II-Il) and in the limit of small values of p, JL = 2A. Combining this with eq (11.1) gives p = po(l + jLp) KO/jL,
which was apparently first given, with JL constant, by Kirkwood [92] , but is usually ascribed to Murnaghan [93, 94] who gave it for an isotropic elastic solid. Evaluation of JL for ordinary water shows it to increase with pressure at temperatures below 40 0 C, and. to decrease at higher temperatures. This equation seems worse at higher pressures than eq (II-8).
A third equation was obtained by guessing that K might fall away exponentially on any isotherm K = Ko exp (-vp) , (11) (12) (13) and as p~O, v gives JL = 2A. Combining this with eq (II-I) { Ko P = poexp v [ l (11) (12) (13) (14) Parameter v falls with increasing pressure.
A number of approximations to the equation of state of water, particularly of SMOW and heavy water,' have been discussed in this appendix. For computational errors not to exceed 1 p.p.m., eq (II-3) may be used for p<10 bar. For eq (II-S) the range is 15 bar. For eqs , (11) (12) or (11) (12) (13) (14) with a" fixed value of the parameters 2A = f.L = v = 260 Mbar-1 , the range is 40 bar. By allowing for the temperature and pressure variation of A, a satisfactorily small number of parameters are "sufficient to extend the range of (II-8) to 1 kbar with less than the uncertainty of the data, which "for SMOW is approximately 40XI0-12 p2 p.p.m. However, pursuit of the description of one isotopic composition only would be alien to the main interest of this paper and is not reported.
